Clostridium sordellii is a spore-forming, obligately anaerobic, Gram-positive bacterium that can cause toxic shock syndrome after gynecological procedures. Although the incidence of C. sordellii infection is low, it is fatal in most cases. Since spore germination is believed to be the first step in the establishment of Bacilli and Clostridia infections, we analyzed the requirements for C. sordellii spore germination in vitro. Our data showed that C. sordellii spores require three structurally different amino acids and bicarbonate for maximum germination. Unlike the case for Bacilli species, D-alanine had no effect on C. sordellii spore germination. C. sordellii spores germinated only in a narrow pH range between 5.7 and 6.5. In contrast, C. sordellii spore germination was significantly less sensitive to temperature changes than that of the Bacilli. The analysis of the kinetics of C. sordellii spore germination showed strong allosteric behavior in the binding of L-phenylalanine and L-alanine but not in that of bicarbonate or L-arginine. By comparing germinant apparent binding affinities to their known in vivo concentrations, we postulated a mechanism for differential C. sordellii spore activation in the female reproductive tract.
Clostridium sordellii is an anaerobic, Gram-positive, sporeforming bacterium that is commonly found in soil and in the intestines of animals (4). Many C. sordellii strains are nonpathogenic; however, virulent strains cause lethal infections in several animal species, such as hemorrhagic enteritis in foals, sheep, and cattle (5, 10, 16, 28) , omphalitis in foals (43) , and wound infection in humans (4, 35) .
C. sordellii also can cause life-threatening necrotizing infections after gynecological procedures (4) . In addition, fatal cases of C. sordellii endometritis following medical abortion with a mifepristone-misoprostol combination have been reported recently (13, 19, 56) . The increased use of mifepristonemisoprostol for medical abortion may result in larger numbers of C. sordellii infections (38, 40) .
Although C. sordellii rarely has been identified in the genital tract, a correlation between gynecological procedures and C. sordellii-mediated toxic shock syndrome is apparent (19) . Pregnancy, childbirth, or abortion may predispose some women to acquire C. sordellii in the vaginal tract (19) . Under these conditions, C. sordellii infections result in an almost 100% mortality rate.
Since there is no national system for tracking and reporting complications associated with gynecological procedures, the identification of the true rates of reproductive tract infections in women is not readily available (8) . Therefore, the number of known C. sordellii-associated infections, although low, may be underreported (19, 29) . Furthermore, unsafe abortion practices in developing countries cause large mortality rates due to complicating infections (24, 34) . In many cases, however, the causative agent of the abortion-associated sepsis have not been characterized (24) . Thus, the worldwide morbidity and mortality associated with C. sordellii infections is not currently known.
C. sordellii produces several virulence factors. The two major toxins are the lethal toxin (TcsL) and the hemorrhagic toxin (37, 46) . The lethal toxin produced by C. sordellii is causally involved in enteritis of domestic animals and in systemic toxicity following infections of humans (46) . Furthermore, TcsL is associated with rapid mortality in C. sordellii endometritis rodent models (26) . Interestingly, TcsL cytopathic effects are increased at low pH, a characteristic found in the vaginal tract (48) . The hemorrhagic toxin is not well characterized, but it has been reported to cause dermal and intestinal necrosis in guinea pigs (6, 52) .
C. sordellii, like other Bacilli and Clostridia species, has the ability to form metabolically dormant spores that are extremely resistant to environmental stresses, such as heat, radiation, and toxic chemicals (42, 55) . Upon encountering a suitable environment, spores germinate into vegetative cells, the form that is responsible for toxin production and disease onset (39, 54) .
In most cases, the germination process initially is triggered by the detection of low-molecular-weight germinants by a sensitive biosensor (39, 54) . This sensor consists of a proteinaceous germination (Ger) receptor encoded, in general, by a tricistronic operon. Spore germination requirements have been studied most extensively for Bacilli and can be initiated by a variety of factors, including amino acids, sugars, and nucleosides (20, 30) .
Spore germination in the Clostridia generally requires combinations of multiple germinants. The germination of spores of proteolytic Clostridium botulinum types A and B was triggered by a defined three-component mixture comprised of L-alanine (or L-cysteine), L-lactate (or sodium thioglycolate), and sodium bicarbonate (3) . In contrast, the optimum germination of spores of nonproteolytic C. botulinum types B, E, and F required binary combinations of L-alanine-L-lactate, L-cysteine-L-lactate, and L-serine-L-lactate (45) .
Clostridium difficile is a human pathogen that can cause fulminant colitis (11) . Interestingly, C. difficile does not encode any known Ger receptors (53) . However, it is likely that ger-mination receptors exist, because C. difficile spores must germinate in order to complete their life cycle. While C. difficile germination receptors remain elusive, the spores of C. difficile germinate in rich medium supplemented with bile salts (62) . More recently, taurocholate (a bile salt) and glycine (an amino acid) were shown to act as cogerminants for C. difficile spore germination (57, 61) .
Clostridium bifermentans is a close relative of C. sordellii (14) . The minimum requirement for C. bifermentans spore germination was the presence of L-alanine, L-phenylalanine, and L-lactate (59) . In addition, an unknown factor present in yeast extract was suggested to enhance germination (59) . However, the Ger receptors involved in C. bifermentans spore germination are not known.
Even though many Bacilli and Clostridia species use similar metabolites as germinants, the mechanisms of germinant recognition remain to be elucidated. Unfortunately, the multimeric interactions of Ger receptor complexes and the hydrophobic nature of the Ger receptor subunits have hindered our understanding of the mechanism of germinant recognition.
To understand the molecular determinants of germinant recognition, we recently applied kinetic methods to study bacterial spore germination (1, 2, 18) . Spore germination can be analyzed quantitatively by fitting optical density (OD) decreases to the Michaelis-Menten equation (2) . The kinetic parameters obtained allow the determination of the apparent binding affinity (K m ) of spores for the different cogerminants and the maximum rate of spore germination (V max ). In these instances, K m refers to the concentration of substrate required to reach half of the maximal germination rate. These parameters can, in turn, be used to determine the mechanism of germination and potential interactions between germination receptors. Furthermore, by comparing apparent K m values to germinant concentrations in vivo, models for spore-germinant complex distribution can be proposed, and rate-limiting steps for the germination process can be derived. Thus, kinetic analysis can yield information on spore activation even if the identities of the germination receptors are not known.
Using this procedure, we were able to determine the mechanism for Bacillus anthracis germination with inosine and Lalanine. In turn, this information was used to design nucleoside analogs that inhibit B. anthracis spore germination in vitro and protect macrophages from anthrax cytotoxicity (2).
Since C. sordellii germination receptors have not been identified, we used chemical probes and kinetic methods to investigate the conditions necessary for spore germination. We found that C. sordellii spores germinate better at slightly acidic pH. Furthermore, germination rates varied slightly from 25 to 40°C. We also found that C. sordellii spores have an absolute requirement for a small amino acid, a basic amino acid, an aromatic amino acid, and bicarbonate (NaHCO 3 ) for efficient germination. Kinetic analysis showed allosteric interaction for the putative L-phenylalanine and L-alanine germination receptors. In contrast, L-arginine or bicarbonate recognition followed typical Michaelis-Menten kinetics. The implication of germinant recognition and host environment is discussed.
MATERIALS AND METHODS
Bacterial strains and spore preparation. Clostridium sordellii ATCC 9714 was obtained from the American Type Culture Collection (ATCC). C. sordellii cells were plated in brain heart infusion agar supplemented with sodium thioglycolate (0.5 g/liter) to yield single-cell clones (49) . Single C. sordellii colonies were grown in liquid media and replated to obtain bacterial lawns. Plates were incubated for 7 days at 30°C in an anaerobic environment (10% CO 2 , 10% H 2 , 80% N 2 ). The resulting bacterial lawns were collected by being flooded with ice-cold deionized water. Spores were pelleted by centrifugation and resuspended in fresh deionized water. After two washing steps, spores were separated from vegetative and partially sporulated forms by centrifugation through a 20 to 50% HistoDenz gradient. The spore pellet was washed five times with water, resuspended in sodium thioglycolate (0.5 g/liter), and stored at 4°C.
Preparation of germinant solution. The AGFK mixture (100 mM L-asparagine, 10 mM D-glucose, 10 mM D-fructose, 50 mM KCl) was prepared as previously described (60) . The defined medium employed was a modification of that described previously (33, 50) . To prepare the defined medium, a buffer solution was made with 6.6 mM KH 2 Combinations of these solutions were tested to determine the germinants necessary for C. sordellii spore germination.
Determination of germinants for C. sordellii spores. Changes in light diffraction during spore germination were monitored at an optical density of 580 nm (OD 580 ) on a Biomate 5 spectrophotometer (ThermoElectron Corporation, Waltham, MA). C. sordellii spores were heat activated at 70°C for 30 min (17) . After heat activation, spores were cooled to room temperature and resuspended in germination buffer (100 mM sodium phosphate buffer, pH 6.0) to an OD 580 of 1, as done previously (2) . The spore suspension was monitored for autogermination for 30 min. Germination experiments were carried out with spores that did not autogerminate. Experiments were performed in triplicate with at least two different spore preparations. Putative germinants were added individually or in combinations to a final concentration of 5 (L-Phe, L-Trp, and L-Tyr), 10 (L-Arg, L-His, L-Lys, L-Ser, D-glucose, and D-fructose), 25 (L-Ala and L-Gly), 50 (Llactate, KCl, and NaHCO 3 ), or 100 mM (D-Ala, L-Asp, and L-Glu). After the addition of germinants, the OD 580 of the spore suspension was measured at 2-min intervals for 4 h. Spore germination rates were evaluated based on the decrease in OD 580 at room temperature. Relative OD 580 values were derived by dividing each OD 580 reading obtained at different times by the OD 580 obtained at the beginning of germination. All measurements showed standard deviations of less than 10%. Germination rates were calculated from the initial linear region of the germination curves (2) . Germination rates were set to 100% for C. sordellii spores germinated in defined medium. The percentage of germination for other germinant combinations was calculated as a fraction of the rate of germination in defined medium.
Effect of D-amino acids on C. sordellii spore germination. To test for D-alanine as an antagonist of spore germination, C. sordellii spores were treated with 25 mM L-alanine, 5 mM L-phenylalanine, 10 mM L-arginine, and 50 mM NaHCO 3 (AFR*) supplemented with 0 or 100 mM D-alanine. The inhibition potential of D-phenylalanine and D-arginine on C. sordellii spore germination was tested similarly. To test for D-alanine as an agonist of spore germination, C. sordellii spores were treated with 5 mM L-phenylalanine, 10 mM L-arginine, and 50 mM NaHCO 3 (FR*) supplemented with 100 mM D-alanine. Similarly, the agonist effect of D-phenylalanine and D-arginine was tested by substituting L-phenylalanine and L-arginine, respectively. Germination rates were determined as described above. Germination rates were set to 100% for C. sordellii spores germinated in AFR*. The percentage of germination for other conditions was calculated as a fraction of the rate of germination in AFR*.
Temperature dependence of C. sordellii spore germination. C. sordellii spores were germinated with AFR*. The germination rate was determined as described above, except that the germination temperature was varied between 25 and 40°C. Germination rates were set to 100% for C. sordellii spores germinated at 37°C. The percentage of germination for other conditions was calculated as a fraction of the rate of germination at 37°C.
pH dependence of C. sordellii spore germination. Individual C. sordellii spore aliquots were resuspended in 50 mM NaHCO 3 , and the pH was adjusted be-tween 4.0 and 9.0. Germination was initiated by the addition of 25 mM L-alanine, 5 mM L-phenylalanine, and 10 mM L-arginine. Germination rates were determined as described above. Germination rates were set to 100% for C. sordellii spores germinated at pH 6. The percentage of germination for other conditions was calculated as a fraction of the rate of germination at pH 6.
Staining of spores and vegetative cells. To confirm spore germination, treated C. sordellii spores were smeared across a glass slide, air dried, and heat fixed over a flame. Cells were stained using the Wirtz-Conklin staining technique as described previously (25) . Briefly, heat-fixed spore/bacterial smears were immersed in boiling malachite green stain (5 g/100 ml water) for 1 min. Following destaining in distilled water, smears were counterstained with safranin-O (0.5 g/100 ml water) for 1 min. Smears subsequently were destained in distilled water and mounted. Cells were visualized using a Zeiss Axiophot microscope. The percentage of germination was calculated by comparing the number of red germinated C. sordellii cells to that of green ungerminated spores in three random fields. Results were confirmed by phase-contrast microscopy.
Kinetics of C. sordellii spore germination. To determine L-alanine kinetic parameters for C. sordellii spore germination, spores were resuspended individually in solutions containing various concentrations of L-alanine and were supplemented with L-arginine (10 mM), L-phenylalanine (5 mM), and NaHCO 3 (50 mM). Germination rates (v) were calculated as the slope of the initial linear portion of relative OD 580 values over time. The resulting data were plotted as double reciprocal plots of 1/v versus 1/[L-alanine]. All plots were fitted using linear regression analysis to determine apparent K m and V max values. This setup allows the determination of the effect of saturating L-arginine, L-phenylalanine, and NaHCO 3 on the apparent binding of L-alanine for C. sordellii spores (K m ) and on the maximum germination rate (V max ) of C. sordellii spores. Similarly, the apparent affinities (K m ) and maximum germination rates (V max ) of C. sordellii spores for L-arginine, L-phenylalanine, and NaHCO 3 were tested individually in the presence of constant concentrations of all other germinants.
RESULTS
Germination in complex media. Like other Clostridium species, spores of C. sordellii germinated efficiently in LB medium. In contrast, C. sordellii spores were unable to germinate in AGFK (L-asparagine, D-glucose, D-fructose, and KCl) solutions, a strong germinant combination for B. subtilis (15) . Similarly, C. sordellii spores did not germinate in the presence of inosine or inosine-L-alanine. These compounds are strong germinants for B. anthracis and B. cereus (20, 30) . C. sordellii spores also failed to germinate with taurocholate or taurocholate-glycine, compounds that induce the germination of C. difficile spores (57) . Contrary to findings for C. bifermentans (59) and C. botulinum (3, 45) , L-lactate had no effect on the germination efficiency of C. sordellii spores.
Germination in defined medium. To determine whether combinations of amino acids can induce the germination of C. sordellii, we used a modification of defined medium used to germinate C. difficile and C. perfringens (33, 50) . This medium contains all 20 L-amino acids plus salts (MgSO 4 ⅐ 7H 2 O, FeSO 4 ⅐ 7H 2 O, and MnCl 2 ⅐ 4H 2 O), vitamins (D-biotin, p-amino benzoic acid, pyridoxine, nicotinic acid, and thiamine hydrochloride), and D-glucose. When the spores were suspended in this medium, the optical density of the suspension rapidly decreased, indicating that the spores were germinating (Fig. 1) . Untreated spores showed no optical density change (data not shown). Phase-contrast microscopy and the staining of bacterial suspensions before and after treatment confirmed that all spores had germinated. C. sordellii spores germinated at the same rate in medium prepared without salts, vitamins, or D-glucose, suggesting that one or more amino acids are required for germination (data not shown).
Bicarbonate effect on C. sordellii spore germination. In contrast to the unimportance of salts, vitamins, and sugars, defined medium lacking NaHCO 3 did not induce significant C. sordellii spore germination (Fig. 1) . The small decrease in optical density shown in Fig. 1 was determined to be due to the settling of the spore suspension. Indeed, gentle agitation resulted in an optical density increase to starting levels. Furthermore, no germination was detected by the staining of the bacterial suspension even 3 h after treatment.
C. sordellii spores also were unable to germinate in NaHCO 3 alone (data not shown). Furthermore, the substitution of bicarbonate for sulfate, chloride, or phosphate anions did not induce spore germination (data not shown). In contrast, C. sordellii spores germinated normally when NaHCO 3 was replaced with KHCO 3 .
Amino acid requirement for C. sordellii spore germination. To identify which amino acids induce the germination of C. sordellii spores, solutions were prepared by supplementing NaHCO 3 solutions with L-amino acids with similar side chains. Thus, C. sordellii spores were germinated in the presence of small (Ala, Ser, Thr, Gly, and Cys), hydrophobic (Leu, Ile, Met, and Val), aromatic (Phe, Tyr, and Trp), basic (Arg, Lys, and His), acidic (Asp and Glu), amide (Asn and Gln), and constrained (Pro) L-amino acid mixtures. None of these solutions alone was sufficient to trigger spore germination. C. sordellii spores were resuspended in solutions containing pairs and trios of amino acid groups. C. sordellii spore germination occurred only in solutions containing mixtures of small amino acids, aromatic amino acids, and basic amino acids.
To narrow further the best L-amino acid germinants, all possible combinations of small amino acids, basic amino acids, and aromatic amino acids were tested individually for their effect on C. sordellii spore germination.
Solutions that contained L-alanine and glycine induced stronger germination than solutions containing L-serine, L-threonine, or L-cysteine. In fact, solutions containing L-threonine or L-cysteine failed to trigger germination (data not shown). L-serine was a weak cogerminant only in the presence of L-phenylalanine and L-arginine (Fig. 2) . Even with this optimal combination, spores treated with L-serine showed an 80% decrease in germination rate compared to that of L-alanine. Other amino FIG. 1. C. sordellii spores germinate with a mixture of amino acids and NaHCO 3 . C. sordellii ATCC 9714 spores were germinated in defined medium (E), defined medium without NaHCO 3 (Ⅺ), or in a solution (AFR‫)ء‬ containing 25 mM L-alanine, 5 mM L-phenylalanine, 10 mM L-arginine, and 50 mM NaHCO 3 (•). Germination was followed by a decrease of the OD 580 .
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From the aromatic amino acid series, L-phenylalanine was the most active cogerminant. However, in the presence of L-alanine and L-arginine, both L-tryptophan and L-tyrosine were able to trigger germination rates that were only 40% slower than those of spores treated with L-alanine, L-arginine, and L-phenylalanine. Similarly, spores treated with L-tyrosine, glycine, and L-arginine showed germination rates that were 40% slower than those of spores treated with L-phenylalanine, glycine, and L-arginine. In contrast, substituting L-tryptophan for L-tyrosine in the presence of glycine and L-arginine resulted in a 90% reduction in the germination rate.
L-Arginine was shown to be the strongest cogerminant of the basic amino acids. Nevertheless, both L-lysine and L-histidine were able to substitute for L-arginine as the cogerminant. Spores treated with L-alanine, L-phenylalanine, and L-lysine (or L-histidine) showed only a 20% decrease in germination rate compared to that of spores treated with L-alanine, L-phenylalanine, and L-arginine.
Even though mixtures of L-alanine-glycine, L-phenylalanine, and L-arginine result in the highest germination rates, each one of these amino acids can be replaced partially with amino acids that have similar physical and chemical properties. As expected, binary combinations of L-alanine-L-phenylalanine, L-alanine-L-arginine, and L-phenylalanine-L-arginine failed to induce spore germination (Fig. 2) .
Interestingly, C. sordellii spores treated with L-alanine, Lphenylalanine, and L-arginine show a faster germination rate than spores germinated with defined medium (Fig. 1) . This is to be expected, since the defined medium contains amino acids that are weak germinants and will compete with L-alanine, L-phenylalanine, and L-arginine for binding. The binding of these alternative substrates will cause a fraction of the spore population to germinate at a lower rate.
Effect of D-amino acids on C. sordellii spore germination. Bacterial spores contain two alanine isomers: L-alanine and D-alanine. L-Alanine has been shown to promote the germination of multiple bacterial spores (3, 7, 20, 30, 45) , while Dalanine has been described to block germination (63) . Since L-alanine is required for C. sordellii spore germination, we tested whether D-alanine could affect germination kinetics. As before, a mixture of L-alanine, L-phenylalanine, L-arginine, and NaHCO 3 (AFR*) resulted in rapid initial rates of germination (Fig. 3) . Supplementation with D-alanine did not reduce the rate or extent of germination under the conditions tested. Furthermore, D-alanine could not replace L-alanine as a cogerminant with L-phenylalanine, L-arginine, and NaHCO 3 (FR*). Similar results were observed with D-phenylalanine and Darginine.
Effect of L-aspartic and L-glutamic acids on C. sordellii spore germination. When spores were treated with NaHCO 3 supplemented with acidic amino acids, a 20% decrease in optical density was observed (data not shown). Interestingly, this process was independent of other cogerminants, including bicarbonate (Fig. 3) . However, spores treated with L-aspartic acid or L-glutamic acid failed to show germination by staining. These two techniques test different stages of spore germination. While an optical density decrease is related to the swelling of the spore core, staining with safranin occurs only after spore structures are degraded. Thus, it is possible that acidic amino acids are able to trigger germination, but the process then is aborted before completion. These results were confirmed by phase-contrast microscopy. While normally germinating spores change from phase bright to phase dark, aspartic acid-treated spores showed only a dimming of spore brightness. This is consistent with an aborted germination process (31) . Neither L-aspartic nor L-glutamic acid is able to substitute for bicarbonate as a cogerminant with L-alanine, L-phenylalanine, and L-arginine (AFR) mixtures.
Optimal temperature for C. sordellii spore germination. To define the optimal conditions for C. sordellii spore germination, germination assays were carried out at different temperatures. Remarkably, C. sordellii spores germinated well at all temperatures tested. Indeed, even though the maximum germination rate was obtained at 37°C, germination rates obtained between 25 and 40°C were within 30% of the maximum (Fig. 4A) . Thus, C. sordellii spore germination is quite insensitive to physiological temperature changes.
Optimal pH for C. sordellii spore germination. To define the optimal conditions for C. sordellii spore germination, the pH of the germination buffer was varied. The rate and extent of C. sordellii spore germination was significantly diminished above pH 7.0 and below pH 5.7. The maximum rate and extent of spore germination occurred between pH 5.7 and 6.5 (Fig. 4B) .
Kinetics of C. sordellii spore germination. The kinetic parameters for L-alanine, L-arginine, L-phenylalanine, and NaHCO 3 were determined individually with constant concentrations for the other three cogerminants. Spore germination with various L-arginine concentrations showed normal Michaelis-Menten kinetics, as demonstrated by linear double reciprocal plots (Fig. 5A) . C. sordellii spores recognized L-arginine with an apparent binding constant (K m ) of 4.3 mM and a maximum germination velocity (V max ) of 0.24 OD/h (Table 1) . Similarly, varying the NaHCO 3 concentration allowed us to determine an apparent K m for bicarbonate of 68.9 mM and a V max of 0.42 OD/h (Fig. 5B) .
In contrast to the simple kinetics shown by L-arginine and NaHCO 3 , varying the concentration of L-alanine resulted in parabolic double reciprocal plots. These plots normally are seen for germinants that show allosteric behavior (1) . Indeed, the Hill plot for L-alanine-mediated germination showed a slope of 2.3 (Fig. 6A) . This is consistent with at least two interacting L-alanine-binding sites ( Table 1) . The apparent K m and V max for L-alanine was calculated to be 3.7 mM and 0.33 OD/h, respectively.
L-Phenylalanine-dependent spore germination also showed allosteric behavior. Indeed, Hill plots for L-phenylalaninemediated germination yielded a slope of 2.5 (Fig. 6B) . This is characteristic of a system with at least two interacting L-phenylalanine binding sites. The apparent K m for L-phenylalanine was calculated to be 0.088 mM. Thus, the binding of L-phenylalanine is approximately 50-and 800-fold stronger than those of L-arginine and NaHCO 3 , respectively. In contrast, the V max for L-phenylalanine-mediated germination was 0.21 OD/h, which is similar to those of the three other cogerminants.
DISCUSSION
It has been reported previously that spores of C. bifermentans, a close relative of C. sordellii, germinate in the presence of L-alanine, L-arginine, L-lactate, and L-phenylalanine (59) . In this study, we showed that C. sordellii needs at least four different compounds to germinate: a small amino acid (L-alanine or glycine), a basic amino acid, an aromatic amino acid, and bicarbonate. Thus, C. sordellii spores seem to be quite promiscuous in the recognition of germinants.
Even though L-alanine is an essential germinant, D-alanine does not affect C. sordellii germination. This is in contrast to the inhibitory effect that D-alanine has on the germination of Bacilli spores (21, 47, 63) Bicarbonate is present at concentrations ranging between 35 and 90 mM in the female reproductive tract. These concentrations are much higher than those in other human tissues (58) . The absolute requirement for bicarbonate suggests that C. sordellii spore germination has adapted to the environment of the female human host.
The fact that C. sordellii spores prefer slightly acidic pH for germination is intriguing. Maximal germination is observed at a pH range where both carbonic acid and bicarbonate are present in equilibrium. On the other hand, at more basic pH (where the concentration of carbonic acid is insignificant) or more acidic pH (where the concentration of bicarbonate is insignificant), no germination is detected. Thus, it seems that both the carbonic acid and bicarbonate forms are used as germinants. Since healthy females have a vaginal pH below 4.5 (22, 41) , all bicarbonate forms would be protonated to the carbonic acid form, and C. sordellii spores would not be able to germinate under these conditions. Bacteria vaginosis is the most common vaginal infection during the reproductive years. During bacterial vaginosis, the normal lactobacillus-dominated vaginal flora shifts to a population dominated by other organisms, including Neisseria gonorrhoeae, Chlamydia trachomatis, or anaerobic organisms (e.g., Clostridia species) (36) . Bacterial vaginosis is characterized by vaginal pH values above 4.5 and is correlated with preterm birth in asymptomatic women and pelvic infections after induced abortions (27, 44) . Thus, vaginal pH that correlates with pathogenicity results in the formation of bicarbonate-carbonic acid mixtures that are required for C. sordellii spore germination. Hence, altered vaginal pH conditions could result in a better environment for C. sordellii spores to germinate and establish infections (9) .
Vaginal fluids contain high concentrations of alanine and arginine but lack phenylalanine under normal conditions (23) . Thus, nonpregnant human females lack a key germinant for germination triggering. On the other hand, fetal growth and development is closely dependent on the availability of a constant supply of nutrients. This generates high concentrations of amino acids in the gestational sac. Phenylalanine and arginine are present at close to 0.1 mM, while alanine can reach 1 mM in coelomic and amniotic fluids (12, 32, 51) . The amino acid pool available after abortion or delivery will contain all three amino acids and could serve as a signal for spore germination. Due to the allosteric behavior of L-phenylalanine, micromolar amounts of this amino acid will be sufficient to activate the germination program.
Even though the germination receptors that detect L-alanine, L-arginine, L-phenylalanine, and NaHCO 3 in C. sordellii spores have not been characterized, titrations of the germination rate with NaHCO 3 and L-arginine resulted in hyperbolas that could be analyzed using Michaelis-Menten approaches. This indicates the saturation of germinant binding to specific receptor sites. Furthermore, the allosteric behavior of L-phenylalanine and L-alanine recognition suggest that their putative receptors engage in protein-protein interactions that affect the corresponding binding sites.
The apparent binding constants (K m ) that were obtained from the Michaelis-Menten analysis of germination kinetics represent the concentration of a compound required to obtain half the maximal germination rate. For a spore to germinate, however, germination receptors must be activated by their corresponding germinants. Thus, K m also represented the concentration of a germinant required for half of the spore population to be complexed. As a result, environmental concentrations below the apparent K m will result in a larger fraction of the spore population remaining in an uncomplexed, dormant form. Correspondingly, environmental concentrations above the apparent K m will result in mostly complexed, germinating spores. Consequently, the kinetic analysis of C. sordellii spore germination allows postulating a mechanism for spore activation by comparing the germinants' apparent binding constants (K m ) to their available concentrations in the pregnant female reproductive tract (32) .
Using estimated germinant concentrations (23), we can predict that in the normal female reproductive tract, the lack of L-phenylalanine, a suboptimal concentration of L-arginine, and low pH will cause spores to be bound to L-alanine only and will not germinate (Fig. 7A) . We speculate that in postpregnancy females, the concentrations of L-alanine and L-phenylalanine increase. Due to their allosteric behavior, both L-alanine and L-phenylalanine will be saturating with respect to their apparent K m (Table 1) . Hence, we expect that C. sordellii spores present in a postpregnancy reproductive tract always will be bound with L-alanine and L-phenylalanine (Fig. 7B) .
In contrast, the apparent K m for bicarbonate-carbonic acid is close to their physiological concentrations. Thus, the doubly complexed spore population will be in equilibrium between bicarbonate-free ( Fig. 7B ) and bicarbonate-bound (Fig. 7C) forms.
Finally, even though L-arginine and L-phenylalanine have similar concentrations in the gestational sac (32), L-arginine binding does not show allostericity. Thus, the concentration of L-arginine is suboptimal with respect to its apparent K m . The binding of L-arginine will be the slowest part of the germination process (Fig. 7D) .
Although we have used the available published literature to correlate germinant concentrations with mechanistic predictions, more research is necessary to establish the feasibility of our model.
In conclusion, C. sordellii spores use three structurally different amino acids as well as bicarbonate/carbonic acid as germination signals. The normal vaginal environment lacks the necessary signals and is too acidic to allow C. sordellii spore germination. We hypothesize that the human female reproductive tract after abortion and/or delivery will contain all signals needed for C. sordellii spores to germinate efficiently. In this case, L-arginine binding probably will serve as the rate-limiting step in the germination process. Integrating these different germination signals could allow C. sordellii spores to postpone germination until an appropriate environment (e.g., a postpregnancy reproductive tract) is encountered. 
